I. INTRODUCTION
Carbon nanotubes ͑CNTs͒, since their discovery in 1991, 1 have attracted significant interest of a number of investigators. CNTs possess unique structure, as well as extraordinary mechanical, electrical, and optical properties. [2] [3] [4] [5] [6] [7] It has been shown that CNTs can be used as optoelectronic devices, [8] [9] [10] field effect transistors ͑FETs͒, [11] [12] [13] and sensors. [14] [15] [16] [17] It has been shown also that the thermal conductivity of CNTs can be exceptionally high, even higher than that of the diamond. 18 Numerous studies, mostly theoretical, have been recently conducted to evaluate the thermal performance of CNTs and their applicability for heat removal in integrated circuit ͑IC͒ devices. Thermal conductivity of single wall carbon nanotubes ͑SWCNTs͒ was investigated using various simulation techniques, such as molecular dynamics ͑MD͒ simulation, nonequilibrium simulation and theory of force field. [19] [20] [21] [22] Although the obtained data are rather inconsistent and showed significant discrepancy, these data nonetheless confirmed that the expected level of CNT thermal conductivity could be quite high: 6000, 19 3750, 20 1600, 21 and 2980 W / m K, 22 i.e., much higher than that of the majority of the known materials. There exists, therefore, a significant interest in using CNTs as thermal interface materials ͑TIMs͒ for thermal management of IC devices.
As to the experimental studies, it has been found 23 that the thermal conductivity of individual multiwall carbon nanotubes ͑MWCNTs͒ at room temperature could be as high as 3000 W / m K. This result is within the region of theoretical predictions. For SWCNT dense-packed ropes, however, a rather low value of 35 W / m K was obtained for mat samples. 24 Thermal conductivity level of 150 W / m K was reported by Shi et al. 25 for SWCNT in a bundle of CNT, with the average diameter ͑of a single CNT͒ of 10 nm. Theoretically, the thermal conductivity of MWCNT should be lower than the conductivity of the SWCNT ones, and, indeed, some experiments showed that the thermal conductivity of aligned MWCNT could be as low as 12-17 W / m K. 26 A somewhat higher value of 27 W / m K was obtained by several other research groups. [27] [28] [29] In general, the carried out investigations resulted in a reasonably satisfactory qualitative understanding of the thermal properties of CNTs. These investigations have indicated that the thermal conductivity of CNT bundles could be much lower than the theoretical predictions ͑1600-6600 W / m K͒ ͑Refs. 20-22͒ and the conductivity of single CNT. 23 There seemed to be several reasons for that.
First of all, the measurements show the results for an ensemble average, and there could be many "underperforming" ͑e.g., containing various flaws͒ individual CNTs in the tested samples. Second, there are typically CNT of different types and geometry in samples of large size and therefore it is simply impossible to "extract" information about the properties of a particular CNT type. The measured "effective" thermal conductivity is just an average number. Also, the uncertainty in the obtained information could be partially attributed to the inherently disordered nature of some CNTs grown by chemical vapor deposition ͑CVD͒. Most importantly, the boundary scattering of phonons could substantially reduce the thermal performance of CNTs. Finally, the thermal contact resistance between the CNTs and the heater could strongly affect the results of the measurements.
In any event, there is a clear indication that the CNT has a higher conductivity than the conductivity of regular TIM used today by the industry for IC cooling. The latter is only about 3 -7 W / m K. It is clear also that the capabilities of thermal metrology, in terms of its accuracy and consistency, provide a significant challenge in our ability to correctly establish the "true" thermal conductivity of CNT arrays.
In this study, a photothermal experimental technique is developed with an objective to characterize, with the highest resolution possible, the thermal properties of the VCNTA designed to be used in the TIM capacity, i.e., to provide effective heat transport/removal from a "hot" surface. One of the main objectives of the developed technique is to develop a means that would enable one to distinguish between the thermal resistance of VCNTA and the interfacial thermal resistance at the boundary between the CNT and the hot surface ͑layer͒. For comparison and in order to establish whether there is sufficient incentive for using CNTs as heat removing means, we measured also, using the developed technique, the effective thermal resistance of commercially available grease that is currently used for thermal management of IC devices.
II. EXPERIMENTS

A. Principles
The samples used in our experiments ͑Fig. 1͒ are vertically aligned CNTs grown on a Si wafer ͑with Ni as the catalyst͒ by means of plasma-enhanced chemical vapor deposition ͑PECVD͒ in UNL. The samples are pressed against a Ni coated ZnSe window. The ZnSe material is chosen because of its transparency with respect to both the laser beam and the induced infrared ͑IR͒ radiation from the Ni film.
A pressure of 60 psi was applied to the back of the Si substrate to ensure good interfacial contact of the VCNTA with the Ni film. A modulated laser beam with the wavelength of 1.45 m was focused onto the 100 nm thick Ni film, and the focal region was heated up. The assessed diameter of the laser focus spot was about 1 mm. The interfacial material ͑CNT͒ was expected to remove the major portion of the heat from the Ni film, owing to the low thermal resistance of this film. It is anticipated that the thermal conductivity of the interfacial material ͑CNTs͒ will have an appreciable and "measurable" effect on the thermal response of the Ni film to the modulated laser pulse, which affects the surface radiation of the Ni layer.
The phase shift signal is affected by the thermal properties of the interfacial material ͑CNT͒ in the test sample, while the delay in the phase is an indication on how fast the heat is transferred/removed from the heat source. The response to different frequencies is highly dependent, however, on the level of the interfacial resistance and the thermal conductivity of the CNT array. In our study, we used the predictive model suggested by Wang et al. [30] [31] [32] to calculate the thermophysical properties of materials from the measured phase shift signals. We measured these signals in a quite broad frequency region ͑2 -100 KHz͒ and used the least squares difference as a suitable goodness-of-fit criterion to adjust the experimental data to the theoretical curves. Specifically, we established the governing parameters in the theoretical relationships based on the obtained experimental data and, based on this, evaluated the thermophysical properties of the VCNTA.
B. Experimental setup
The experimental setup that we used to measure the phase shift of the thermal radiation from the Ni film surface is shown in Fig. 2 . The function generator sends a transistortransistor logic signal to modulate the high power diode laser ͑ = 1.45 m͒. A periodical laser pulse was triggered in our experiments at an average power of 1 W. This laser beam was focused onto the Ni film to generate a periodic heat source. The CNTs dissipate the heat away from the Ni film to the Si substrate. The thermal radiation from the Ni film was directed onto a pair of off-axis paraboloidal reflectors and collected by a liquid-nitrogen ͑N͒-cooled IR detector. A germanium ͑Ge͒ window was placed in front of the detector to filter out the reflected laser beam. Therefore, only the IR signal from the Ni film was expected to be collected by the IR detector. The signal from the detector was finally measured by a lock-in amplifier. The phase shift signal was collected and averaged for different frequencies. High laser power amplified the signal-to-noise ratio. Such amplification is especially important for high frequencies, when the thermal radiation signal was low.
It should be pointed out that a portion of the measured phase shift should be attributed to the system itself. In order to exclude this portion and to obtain the most accurate information of the "absolute" phase shift, we carried out measurements, in which the Ge window was removed, so that the IR detector would be able to collect both the laser signals and
3 times greater than the IR signal. This means that the measured phase shift was dominated by the reflected laser signal. The final ͑"computed"͒ phase shift used for determination is thermal − laser , where thermal is the phase shift measured for the thermal IR radiation from the Ni film, and the laser is the phase shift due to the system itself on the basis of the reflected laser signal.
III. RESULTS AND DISCUSSION
The samples used in our experiments were manufactured ͑synthesized͒ using PECVD. The quality and the structure of the CNT samples could be judged based on the obtained scanning electron microscope ͑SEM͒ images ͑Fig. 3͒. The evaluated length of the CNT arrays was about 30 m with a 3 m variation. The assessed average diameter of the CNTs was about 100 nm, and the spacing between CNTs was also about 100 nm. The samples had a rather high CNT coverage density ͑ϳ10 9 CNT/ cm 2 ͒.
A. Calculated data
In our predictive modeling effort we used the model developed by Wang et al. 30, 31 ͑these authors used the photothermal method to study the thermal properties of multilayer thin film structure͒ and modified it to study the CNT properties treating the CNT array as, sort of, a composite material. The phase shift of the sample was measured in a broad frequency range ͑2 -100 kHz͒ in order to obtain the most detailed information about the thermal conductivity and thermal interface resistance.
An example is provided in Fig. 4 , which shows the relationship between the phase shift and the frequency for five different kinds of CNT materials. For all these materials, the interface contact resistance was set to 0.01 cm 2 K/W, and the plotted curves represent the CNT material with total effective thermal resistances of 0.06, 0.11, 0.12, 0.15, 0.20, and 0.26 cm 2 K / W, respectively. The assessed average length of the CNT samples was about 30 m.
The resolution of the experiment system and the calculation method was found to be high enough to distinguish between samples with an effective thermal resistance difference of 0.01 cm 2 K / W. For instance, for samples with an effective thermal interfacial resistance of 0.01 cm 2 K/W and the total effective thermal resistances of 0.11 and 0.12 cm 2 K / W, the evaluated phase delay at 2000 Hz was 41.9°and 42.2°, respectively ͑Fig. 4͒. As a result of a long time observation of the phase delay signal at the frequency of 2000 Hz, it has been found that the variation of the signal is about 0.1°. This indicates that the resolution of the developed system is high enough to characterize the thermal performance of the CNT samples of the type in question. For higher frequencies, the phase delay difference between the above two samples becomes even more distinct, meaning that our experimental vehicle/setup is sensitive enough to characterize the thermal resistance of the CNT arrays of the addressed type.
B. Experimental results
The phase shift of the VCNTA and the data fitting curve are shown in Ni film, CNTs, and Si substrate͒ was constructed and tested. The theoretical fitting curve matched well the measured phase shift curve in a wide range of frequencies. Only a 0.1°d ifference has been observed at the frequency range of 2 -80 kHz. The actual experimental results would be affected by some extrinsic parameters. On the other hand, according to our four-component structure setup, only the intrinsic properties of these layers would affect the final calculating results most. The thin Ni film ͑100 nm͒ has little effect on the measured phase shift due to the small thickness of the film. Therefore, the measured phase shift is dominated by the heat transfer from the Ni film to ZnSe and the Si substrate. The physical model used for data fitting considers all the heat transfer in the four components. In the experiment, the thickness and thermophysical properties of ZnSe, Ni, and Si are known. The only parameters that are unknown are the thermal contact resistance between Ni and CNT array, effective density of the CNT array, as well as its effective thermal conductivity. Theoretically, three sets of phase shift at different frequencies are sufficient to determine these three properties. 31 In the experiment, the phase shift is measured over a wide frequency range. Different values of the unknown properties are used to calculate the theoretical phase shift and compare with the experimental result. The properties giving the best fit of the experimental data are taken as the properties of the CNT sample.
Based on the calibrated phase shift fitting and the employed physical model, the effective thermal conductivity and the effective density for the tested VCNTA sample were fitted to be 2.85± 0.05 K and 185± 1 kg/ m 3 , respectively. The total effective thermal resistance of the sample could be calculated based on the information mentioned above R = L / ͑k͒ = 0.12 cm 2 K cm 2 / W, where L͑30 m͒ is the length of the material in the heat transfer direction, K is the effective thermal conductivity, and A ͑1 mm 2 ͒ is the surface area. The thermal interface resistance between the CNT array and the Ni film was determined to be as low as 0.01 cm 2 K/W. Since the density of MWCNT is 2600 W / m K, the absolute thermal conductivity of the individual CNTs was calculated as k = / eff k eff = 40.1 W / m K. This relationship is physically reasonable because the thermal transport is only along the axial direction of CNTs in our experiment.
For verification/comparison purpose, commercially available thermal grease for IC cooling was also evaluated using the developed test vehicle. A thermal conductivity of 5.2 W / m K was obtained for this grease at room temperature. This result is consistent with the data provided by the manufacturer ͑5 ϳ 6 W/m K͒. The evaluated thermal interface resistance was 0.02± 0.01 cm 2 K / W. This value is slightly higher than the one for the CNT sample that showed the total thermal resistance of 0.12± 0.01 cm 2 K / W for 2 mil ͑50 m͒ thick thermal grease. These data confirm that the VCNTA thermal performance is attractive enough to consider such devices as an effective means for thermal managements of IC systems.
In our experiment, a load cell was put against a copper substrate to measure the forces applied on the CNT sample. The applied pressure was increased gradually, the corresponding phase delay of the CNT samples was concurrently measured, and the total effective thermal resistance was calculated as well. The results are shown in Fig. 6 . For each point in this figure, the phase delay signal was acquired for the entire frequency region, and the corresponding thermal resistance was calculated. One can see that the total effective thermal resistance was reduced from 0.155± 0.01 cm 2 K / W to 0.12 cm 2 ·K/W and reached its steady-state value of about 0.12± 0.01 cm 2 K / W at the pressure of 80 psi. With a high pressure applied on the VCNT, it ensures that the thermal contact resistance between CNT arrays and the Ni film is much smaller than the effective thermal resistance of the CNTs themselves. As a result, the heat transfer from the Ni film to the Si substrate is mostly affected by the CNT array and makes it possible to measure the thermophysical properties of CNT arrays. If no pressure or low pressure is applied on the ZnSe, the CNT array will have poor contact with the Ni film, in other words, less number of CNTs would be in contact with Ni film, leading to a large thermal contact resistance between CNT arrays and the Ni film.
C. Discussion
The obtained experimental results have indicated that the VCNTA sample had a thermal conductivity of about 40.1 W/m·K, and a total thermal resistance between 0.12 ϳ 0.16 cm 2 K / W. This level of thermal performance is competitive with the currently used commercial thermal interface materials. However, the measured thermal conductivity of the VCNTA was far below the values predicted by most of the research reported in the literature. There is a reason to believe that one of the major causes of such a deviation is FIG. 7 . HRTEM picture indicates the detail structure of the CNT sample ͑a͒ the "bamboo" structure of the CNTs, ͑b͒ enlarged view of the detailed structure of CNTs' Ni top. 
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that in the measured CNTs a disordered amorphous carbon structure was present. The amorphous carbon layer surrounds the graphite layer structure of the CNTs as one could see in Fig. 7 ͑on top of the CNT array͒. This layer is acting as an undesirable isolator and prevents the VCNTA from having good contact with the Ni film, thereby preventing heat from being transferred into the graphitic layer.
Another possible reasons for a not-very-high thermal conductivity of the CNT array systems are the defects/flaws in the CNT structure. Transmission electron microscope ͑TEM͒ images ͑Fig. 7͒ showed that the CNT sample had a large number of defects and a "bamboo-type" structure. This causes significant phonon scattering in the material, thereby leading to a much reduced thermal conductivity.
IV. CONCLUSION
The following conclusions could be drawn from the performed analysis. ͑1͒ A photothermal metrology has been developed to characterize the thermal transport in VCNTA. ͑2͒ The thermal conductivity of the CNT arrays and the thermal contact resistance between the CNT and the heated Ni film was evaluated with a rather high accuracy using the developed test vehicle. ͑3͒ Based on the conducted experiments, we conclude that there exists a definite incentive for using VCNTAs for IC cooling. ͑4͒ The TEM and SEM observations have shown the possibilities for considerately improving the thermal performance of the existing structures by optimizing the CNT growth conditions and possibly by considering some specially designed postprocessing means to remove the amorphous carbon.
